Ecological speciation is an important factor in the diversification of plants. The distribution of the woody species Rhododendron indicum, which grows along rivers and is able to withstand water flow when rivers flood (i.e. it is a rheophyte), is disjunct, in contrast to the widespread distribution of its relative, Rhododendron kaempferi. This study aimed to elucidate the phylogenetic relationships between R. indicum and R. kaempferi and the evolutionary processes that gave rise to them. The sequences of three non-coding chloroplast DNA regions (total length 1977 bp) were obtained from 21 populations covering the ranges of the two species. In addition, genome-wide SNPs were genotyped from 20 populations using a genotyping by sequencing method. Leaf morphologies were measured for eight representative populations. Two chloroplast DNA haplotypes, which were detected in R. indicum, were shared between the two species. Genome-wide SNPs identified two lineages in R. indicum and these lineages did not constitute a monophyletic group. Each of these two lineages was related to geographically close populations of R. kaempferi. Leaf morphology, which is a characteristic feature in rheophytes, was not differentiated between the two lineages in R. indicum. The morphological similarity between the two heterogeneous lineages may be a result of parallel evolution from R. kaempferi or of introgressive hybridization between the species due to strong selective pressure imposed by flooding.
Introduction
Adaptive evolution to diverse habitats is one of the fundamental mechanisms that shape biodiversity, and studies of evolution in response to novel environments can provide many insights facilitating an understanding of how biodiversity has been formed and maintained (Rundle and Nosil 2005; Hendry et al. 2007; Schluter 2009 ). Because the adaptive process increases the fitness of populations in particular environments and since natural selection can favor the evolution of similar forms and functions in distant taxa, if a selective pressure that is significant at the population level operates in geographically discrete regions, similar phenotypes, or ecotypes may originate independently in such locations (Streisfeld and Rausher 2009; Arnold et al. 2016) . The adaptive parallel evolution of an ecotype within a species or among species has been observed in varied environments and taxa (Foster et al. 2007; Turner et al. 2010; Ostevik et al. 2012; Renaut et al. 2014; Trucchi et al. 2017) . However, when investigating parallel evolution, it is difficult to distinguish between the effects of natural selection, hybridization or incomplete lineage sorting due to ancestral polymorphisms, though polyphyletic topology for a specific phenotype indicates evidence of parallel evolution (Twyford and Ennos 2012; Roda et al. 2013) . Although there is no doubt that natural selection affects adaptive evolution, the evolutionary histories of adaptive species are still poorly understood in most taxa.
Accumulating lines of evidence suggest that riparian environments have had a significant influence on the adaptive evolution of riparian plants. Plant populations growing along rivers are subject to disturbance due to flooding after heavy rains, and this can have a significant effect on plant survival. The narrow and thick leaves of riparian plants, referred to as rheophytes, growing along rivers are considered to be a consequence of adaptation enabling them to tolerate spates of water (van Steenis 1981 (van Steenis , 1987 Tsukaya 2002; Mitsui et al. 2011; Ueda et al. 2012 ). The plants grow at or above water level, and experience stress due to water flow when it rains heavily and the water level rises. Rheophytes have advantages in terms of inhabiting the riparian environment because of their specialized phenotype; however, they cannot survive outside this environment (Mitsui et al. 2011) . Rheophytes are recognized in various taxa including angiosperms as well as pteridophytes and bryophytes (van Steenis 1981; Kato 2003) . Most relatives of rheophytes grow in regions close to, but outside, riparian environments. This suggests that rheophytes have speciated within certain regions under the strong natural selection pressure imposed by riparian environments (Mitsui et al. 2011; Mitsui and Setoguchi 2012) . For instance, over 23 taxa of rheophytes are recognized in the Japanese archipelago; in addition, some of them have close relatives, which are not rheophytes, in forests on the islands (Tsukaya 2002; Kato 2003; Yatabe et al. 2009; Mitsui and Setoguchi 2012) .
Rhododendron is one of the world's most diversified woody taxa, comprising over 1000 species; its range extends from arctic-alpine to tropic environments, thus the diversity of the genus has arisen following radiation to various habitats (Goetsch et al. 2005) . In the Japanese archipelago, a riparian azalea, Rhododendron indicum (L.) Sweet, which belongs to the subgenus Tsutsusi, is known; it grows on exposed rocks along rivers, and the species has a relative, Rhododendron kaempferi Planch., in forests on the islands (Yamazaki 1996; Kato 2003) . Rhododendron indicum and R. kaempferi are distinguished by the narrow leaves of the former, a characteristic of rheophytes. This morphology results from a decrease in the number of cells across the width of the leaf in both the adaxial epidermis and palisade tissues (Setoguchi and Kajimaru 2004) . In addition, the two species have different flowering seasons: from late May to early July for R. indicum and from early April to May for R. kaempferi (Yamazaki 1996) . Rhododendron indicum is horticulturally important; its narrow leaves, small mature size and late flowering season have long been favored by breeders (Ito 1692) . In this study, we aimed to elucidate the evolutionary process of a rheophyte with a disjunct distribution by using sequences from three non-coding chloroplast DNA regions and a genotyping by sequencing method, multiplexed inter-simple sequence repeat (ISSR) genotyping by sequencing (MIG-seq; Suyama and Matsuki 2015) , together with evidence from plant morphology. The findings of the present study may provide insights into the significance of selective pressure in the evolution of a rheophyte from a forest relative.
Materials and methods

Study species
Rhododendron indicum and its relative, R. kaempferi are deciduous or semi-evergreen species endemic in Japan. Rhododendron indicum is distributed in the central part of Honshu and in Yakushima, which is distant (over 500 km) from Honshu, whereas the related forest species, R. kaempferi, is widely distributed in Hokkaido, Honshu, Shikoku, and Kyushu, but is not found in Yakushima (Fig.  1) . Rhododendron indicum occurs on rocky sites along rivers from 0 to 1000 m above sea level; this riparian species has narrow leaves (0.4-1 cm wide and 1-3 cm long) and mature individuals are 0.5-1 m tall (Yamazaki 1996) . Rhododendron kaempferi occurs in forests or at forest edges from 0 to 1500 m above sea level; it has wide oblong leaves (1.5-4 cm wide, 2-7 cm long) and mature individuals are 1-5 m tall. Species of Rhododendron are pollinated by bumblebees and the seeds are dispersed by wind; in addition, seeds of R. indicum are dispersed by flowing water, as is also the case for another riparian species, R. ripense (Kondo et al. 2009 ). Other features, such as flower and fruit morphologies, are quite similar in the two species and they are therefore considered to be close relatives. Because R. kaempferi is widely distributed whereas R. indicum has a characteristic habitat, it has been considered that the riparian species speciated from the more widespread relative. The distributions of the two species overlap in Honshu, although their microhabitats are different.
Plant sampling and DNA extraction
Leaf samples for molecular analysis were collected from 10 populations of Rhododendron indicum and from 11 populations of the closely related species, R. kaempferi (Table  S1 , Fig. 1 ), across their ranges. In addition, samples of R. macrosepalum and R. ripense were collected for use as outgroups. Leaves for DNA analysis were immediately dried using silica gel. Leaves for morphological analysis were collected from eight representative populations for each of the two species. Leaves to be used for analyzing leaf morphologies were stored in a refrigerator.
Genomic DNA was extracted using a modified CTAB (cetyltrimethylammonium bromide) method (Murray and Thompson 1980) or a DNeasy Plant Mini kit (Qiagen, Hilden, Germany) after clean-up treatment using sorbitol buffer to remove polysaccharides (Wagner et al. 1987) .
Chloroplast DNA sequence analysis
Three non-coding regions of chloroplast DNA (trnL intron (Taberlet et al. 1991) , trnG intron (Shaw et al. 2005) , and rpl32-trnL (Shaw et al. 2007 )) were sequenced from 84 samples (an average of 4.0 samples per population). PCRs were carried out in 5.0-μL volumes, each containing 10 ng of template DNA, 2.5 μL of PCR AmpliTaq Gold Master Mix (Applied Biosystems, Foster City, CA, USA) and 0.2 μM of each primer pair. PCR was performed with an initial denaturation for 4 min at 94°C, followed by 35 cycles of denaturation for 1 min at 94°C, annealing for 60 s at 60°C and extension for 1 min at 72°C, with a final extension for 7 min at 72°C. After precipitation of PCR products using polyethylene glycol 8000 (Hartley and Bowen 1996) , sequencing of PCR products was performed directly using a BIGDYE Terminator Cycle Sequencing Kit v3.1 (Applied Biosystems, Foster City, CA, USA) and the sequencing products were separated by electrophoresis on an ABI 3130xl Genetic Analyzer (Applied Biosystems). Table 1 . Dashed and solid pie charts indicate frequencies of chloroplast DNA haplotypes for R. indicum and R. kaempferi respectively. Gray areas show the range of distribution of Rhododendron indicum and lines show major rivers on the islands. A haplotype network estimated by the parsimony method is superimposed on the map. It shows the relationships among the haplotypes detected in R. indicum and R. kaempferi using eight outgroup species. b, c Individual-based genetic structure elucidated by Bayesian clustering analysis. b Geographical distributions of ancestry for the two Rhododendron species when K = 3, a value which is supported by ΔK statistics, and c distributions of ancestry when the number of clusters ranged from K = 2 to 5
Chloroplast DNA sequences were edited and assembled using DNA Baser 4 (Heracle BioSoft, Piteşti, Romania) and aligned using MUSCLE implemented in MEGA 5 (Edgar 2004; Tamura et al. 2011) . A haplotype network was constructed using TCS 1.06 (Clement et al. 2000) .
MIG-seq experiment
Multiplexed ISSR genotyping by sequencing (MIG-seq) was used for genome-wide SNP detection; in this technique, loci between two ISSRs are amplified by PCR and sequence analysis is carried out using a next-generation sequencer (Suyama and Matsuki 2015) . Two MIG-seq libraries were prepared following the protocol outlined in Suyama and Matsuki (2015) . Repeat motifs and anchor sequences used for the ISSR amplification were as follows: (ACT) 4 TG, (CTA) 4 TG, (TTG) 4 AC, (GTT) 4 CC, (GTT) 4 TC, (GTG) 4 AC, (GT) 6 TC, (TG) 6 AC. The first round of PCR was conducted using these ISSR primers with tail sequences. The products of these first PCR reactions were diluted and used for the second round of PCR. This was conducted using primer pairs including tail sequences, adapter sequences for Illumina sequencing and six-base barcode sequences to identify each individual sample. The products of the second-round PCR for each individual were multiplexed in the size range of 300-800 bp and sequenced on an Illumina MiSeq platform (Illumina, San Diego, CA, USA) using an MiSeq Reagent Kit v3 (Illumina).
SNP detection
The MIG-seq data were de-multiplexed and low-quality reads were removed from raw reads using FASTX Toolkit (http://hannonlab.cshl.edu/fastx_toolkit). Reads excluding ISSR sequences (the remaining 80 bp) were used for de novo assembly. Prior to de novo assembly, samples with fewer than 10 5 reads were removed, and 158 samples (an average of 7.9 samples per population) were used for SNP detection. SNPs were called using Stacks 1.29 (Catchen et al. 2013 ). The minimum depth option for creating a stack was set to 10 (-m 10), and default settings for other options were used. After creating stacks, we extracted SNPs for population analysis. SNPs with a minor allele frequency (MAF) of at least 0.01 (-min_maf 0.01), with a genotyping rate of at least 20% of individuals within populations (-r 0.2) and present in half of the populations (-p 10) were extracted using Populations in Stacks. In addition, the F IS value for each SNP within each population was calculated using Populations, and SNPs whose F IS value was less than −0.75 or more than 0.75 were removed in order to exclude SNPs that were located on organelle genome and/or rich in null alleles. Pairwise R 2 values for each SNP pair were calculated with PLINK 1.90b (Purcell et al. 2007) , and if a value was higher than 0.5, an SNP locus exhibiting a low genotyping rate was removed so as to exclude linkages between SNPs. The extraction of these SNPs was conducted using whitelist in Populations.
In addition, we extracted another SNP set for demographic analysis. The objective of producing the SNP set was to force the coalescence of individuals within each lineage by regrouping samples in each population according to geographical group, and to obtain as many SNPs as possible by defining groups including many individuals. In the data set, we defined four groups: R. indicum in Honshu (in1-in8), R. indicum in Yakushima (in9 and in10), the eastern lineage of R. kaempferi (ka1-ka4 and ka6) and the western lineage of R. kaempferi (ka7-ka11), based on phylogenetic relationships among populations and genetic structure (see Results). SNPs that were observed in the four groups were extracted. Other settings in Populations were the same as in the methods used for the population analysis. Pairwise F ST values between regions were calculated using GENEPOP 4.6 (Weir and Cockerham 1984; Raymond and Rousset 1995) .
Population analysis
The number of polymorphic SNPs, observed and expected heterozygosity and fixation index for each population were calculated using Populations in Stacks. Phylogenetic relationships among populations were evaluated by constructing a neighbor-net based on D A distances between populations (Nei et al. 1983 ) using SplitTree 4 (Bryant and Moulton 2004) . Significances for nodes were evaluated from bootstrap probabilities based on 1000 replicates of the neighbor-joining method using POPTREE2 (Takezaki et al. 2010 ). The individual-based genetic structure was estimated by model-based Bayesian clustering analysis using STRUCTURE (Pritchard et al. 2000) . The F-model and admixture models were assumed (Falush et al. 2003) . Ten independent MCMC simulations for each number of clusters (K = 1-10) were run with 80,000 iterations after a burnin period of 40,000. The optimal number of clusters was determined by the log-likelihood of the data, Ln Pr(X|K) (Pritchard et al. 2000) , and the ΔK statistic, which was calculated from the second-order rates of changes of Ln Pr (X|K) (Evanno et al. 2005) .
Demographic analysis
The process of evolution of the two species, including the evolutionary origin of the two lineages within R. indicum, was inferred from SNPs using approximate Bayesian computation (ABC) implemented in DIYABC 2.1.0 (Bertorelle et al. 2010; Cornuet et al. 2014) . DIYABC allows the testing of evolutionary scenarios with estimated divergence times, admixture and changes in population size among groups. We used SNPs that were called from four population groups, which were defined based on the genetic structure and distributions of the two species (see SNP detection). To infer the evolutionary pattern of the two groups in R. indicum, we tested five evolutionary scenarios using the same prior settings (Fig. 2a , Table S2 ). Scenario 1, a simple split model, assumed that all groups diverged at the same time t3. Scenario 2, a speciation model, was one in which the two species diverged at time t3 and two groups within each species (i.e. N1 and N2 for R. indicum and N3 and N4 for R. kaempferi) diverged at time t1 or t2. In scenario 3, a parallel evolution model, the western (N1 and N3) and eastern groups (N2 and N4), which were not concordant with species definitions, diverged at time t3, and each of the R. indicum groups (N1 and N2) diverged from geographically close R. kaempferi groups (N3 or N4) at time t1 or t2. Scenario 4, a speciation and subsequent admixture for R. indicum in Yakushima (N1), posited that the two species diverged at time t3, two groups within R. kaempferi (N3 and N4) diverged at time t2, and R. indicum in Yakushima (N1) was created by an admixture of R. indicum in Honshu (N2) and R. kaempferi in western region (N3). Scenario 5, a speciation and subsequent admixture for R. indicum in Honshu (N2), assumed that the two species diverged at time t3, two groups within R. kaempferi (N3 and N4) diverged at time t2, and R. indicum in Honshu (N2) was created by an admixture of R. indicum in Yakushima (N1) and R. kaempferi in eastern region (N4). In these scenarios, population size changes were allowed for each population, and in scenarios 4 and 5, admixture by migration was allowed. In total, five million simulations were run using the following summary statistics implemented in the software: proportion of zero values, mean of non-zero values and variance of non-zero values of the genetic diversity for each group (Nei 1987) , pairwise Nei's genetic distances between groups (Nei 1972 ) and the admixture summary statistics among groups (Choisy et al. 2004 ). These summary statistics showed a low level of discrepancy between observed and simulated data. The simulations generated a reference table containing about one million simulations per scenario. Scenarios were compared by directly counting the frequencies of the various scenarios in the 1% of simulated data sets closest to the observed data (direct approach) and by performing logistic regression of each scenario probability fores the closest simulated data sets on the differences between simulated and observed summary statistics (logistic approach; Cornuet et al. 2008 ). In addition, we evaluated the degree of confidence in scenario choice by estimating type I and type II errors; this was estimated by simulating 1000 pseudo-observed data sets drawn from a parameter prior distribution under each scenario. The 1% of simulated data sets closest to the observed data were used to estimate the posterior probabilities for the most likely scenario by means of local linear regression. Scaled divergence time (T) was estimated by multiplying generation time by divergence time (t). Estimating generation time is difficult for woody species because of their long maturation times, which are also variable among individuals; we used 10 years as the generation time for the species based on seeding experiments carried out in controlled environments (Morimoto et al. 2003 ; Yoichi personal observation).
Leaf morphological analysis
Leaf morphologies were measured in order to evaluate morphological variation between riparian and non-riparian species. Leaf area, width and length were measured on 79 individuals from eight populations. Because species of Rhododendron have different types of shoots and leaves during spring and summer (the latter is known as lammas growth), 15 spring leaves per individual were used for these measurements. Leaves were scanned using a digital scanner and digital images were analyzed by SHAPE 1.3 to calculate leaf area (Iwata and Ukai 2002). Leaf width and length were measured to the nearest 0.5 mm. Morphological differences between riparian and non-riparian species were evaluated by PCA using the prcomp function implemented in R 3.2.3 (R Development Core Team 2015).
Results
Distribution of chloroplast DNA haplotypes for the two species
The sequences of three cpDNA loci were obtained from 40 individuals of Rhododendron indicum and 44 individuals of R. kaempferi. The lengths of the aligned sequences for the three loci were 481 bp of the trnL intron, 545 bp of the trnG intron, and 951 bp for the rpl32-trnL. These sequences identified five haplotypes across the two species. The phylogenetic analysis revealed that the five haplotypes formed a group and the haplotypes were distinguished by one or two steps of substitution from each other (Fig. 1a) . Rhododendron indicum has two haplotypes (H1 and H2) and R. kaempferi has all of the haplotypes identified in this study; thus H1 and H2 are shared by the two species. One of the shared haplotypes (H1) was recognized in four populations of R. indicum and half of the R. kaempferi populations. Another shared haplotype (H2) was recognized in populations of R. indicum and R. kaempferi in the central part of Honshu. The neighbor net based on the D A distance between populations across the two species did not show R. indicum to be monophyletic (Fig. 3) . Populations of R. indicum were grouped into two phylogenetic groups, corresponding to the populations in Honshu and those in Yakushima. The populations in Yakushima (in9 and in10) and the other populations were distinguished by the highest possible bootstrap probability (100%). Phylogenetically, populations that were closest to the populations in Yakushima were populations of R. kaempferi in Kyushu (ka8−ka11). Populations of R. indicum in Honshu and the other populations were distinguished by a high bootstrap probability (96%). The genetic structure estimated by Bayesian clustering analysis supported K = 3 as the optimal number of clusters on the basis of ΔK statistics. In the case of K = 3, populations of R. indicum in Honshu and Yakushima were grouped into different clusters; in addition, populations of R. indicum in Yakushima and populations of R. kaempferi in the western region were grouped into the same cluster (Fig. 1b, c) . On the other hand, when it was assumed K = 2, populations of R. indicum in Honshu and populations of R. kaempferi in the eastern region were grouped into the same cluster. When it was assumed that K = 4, populations of R. indicum in Honshu and Yakushima and those of R. kaempferi in the western and eastern regions were clearly distinguished, forming four clusters (Fig. 1c) .
Demographic analysis
The data set that SNPs were called from four population groups based on genetic structure and phylogenetic relationships produced 477 SNPs by de novo assembly. The pairwise genetic differentiation estimates (F ST ) between the four regions identified, i.e. R. indicum in Honshu (in1-in8); R. indicum in Yakushima (in9 and in10); the eastern lineage of R. kaempferi (ka1-ka4 and ka6); and the western lineage of R. kaempferi (ka7-ka11), ranged from 0.155 to 0.301 (Table S3 ). In the ABC analysis, scenario 3, which indicated that R. indicum in Yakushima and in Honshu diverged from R. kaempferi in the western and the eastern regions respectively, was supported by both direct (0.4636, 95% CI, 0.4198-0.5073) and logistic estimates (0.9999, 95% CI, 0.9998-1.0000, Fig. 2b ). Sixty summary statistics showed few differences between observed and simulated data based on the posterior distributions. The type I error for scenario 3 (probability of erroneous rejection even if it was the true scenario) was 0.072 for the direct approach and 0.007 for the logistic regression approach, and the type II error for scenario 3 (probability of its being erroneously selected even if it was not the true scenario) was 0.010 for the direct approach and 0.002 for the logistic regression approach. The posterior mode and 95% highest posterior probability density (HPD) for the scaled divergence time between R. indicum in Yakushima (N1) and R. kaempferi in the western region (N3) was 179 ka (86.6-438) and that between R. indicum in Honshu (N2) and R. kaempferi in the eastern region (N4) was 205 ka (89.7-704) (Table 2, Supplementary Fig. 1 ). The posterior probability for the effective population size of R. indicum in Yakushima (N1) was lower than those for the other populations. kaempferi respectively. The two species could be distinguished by principal component analysis of these data, whereas the two groups within R. indicum, which were distinguished by genetic analyses, were not separated on either of the two axes (Fig. 4) .
Morphological divergence between the two species
Discussion
The large genetic divergence between the two lineages in R. indicum
The genetic evidence obtained in this study did not reflect the traditional taxonomic relationships between the species, since Rhododendron indicum consisted of two genetically distinct lineages; the species appears to have evolved independently from R. kaempferi in the distant regions, Honshu and Yakushima. When evolution occurs rapidly, few polymorphisms accumulate within and among species. In this study, we identified few chloroplast DNA variations so that only five haplotypes were identified within the two species and two haplotypes shared between them; these polymorphisms resulted from screening using many universal primers (Kress et al. 2005; Shaw et al. 2007 ). In addition, pairwise F ST also showed low values between nearby populations of the two species rather than that between far populations within R. indicum. These results indicate that the two species are closely related. The genetic structure, which was elucidated by Bayesian clustering analysis, was clearly different among populations across the two species; the pattern of genetic structure corresponded not to species difference but rather to the geographical distribution of populations within the two species. In the case of K = 2, populations of R. indicum in Yakushima and populations of R. kaempferi in the western region were assigned to the same cluster, and populations of R. indicum in Honshu and populations of R. kaempferi in the eastern region were assigned to the other cluster. As the number of clusters increased, populations of R. indicum in Yakushima and Honshu were clearly distinguished, failing into different clusters from those of the nearest R. kaempferi populations. In particular, when K = 4 was assumed, the four clusters corresponded largely to the four groups of populations. Whatever the number of clusters, clusters seldom contained admixtures of individuals and populations, indicating that there was clear genetic differentiation or genetic structure among the four genetic groups (i.e. populations of R. indicum in Yakushima and Honshu and populations of R. kaempferi in the western and eastern regions) and implying that there had been few migrations among groups (Pritchard et al. 2000) . The analysis indicated that the two lineages of R. indicum are heterogeneous. In addition, the two groups of R. indicum did not form a monophyletic group, and were distinguished from R. kaempferi populations with high bootstrap probability (100 and 96%) according to the neighbor-joining method. The networks in the neighbor-net representing the possibility of migration and hybridization, which are not adequately modeled by a single tree, showed simple relationships between the species, and thus again indicates little migration between the species (Bryant and Moulton 2004) . These results suggest the possibility of two origins for R. indicum.
The possibility of parallel evolution in R. indicum
The demographic analysis suggests that the two groups of R. indicum have evolved independently (scenario 3); the two scenarios in which secondary contact took place after the speciation event (scenarios 4 and 5) were rejected. In the scenario, age estimates obtained by demographic analysis imply that the two independent evolutionary processes have occurred over short evolutionary timescales (ca. 86-704 ka). Rheophytes are recognized in various taxa, including angiosperms as well as pteridophytes and bryophytes. The phenotypic differences in R. indicum compared to R. kaempferi are its narrow leaves, small mature height, and late flowering season; in contrast, the flower morphology of the two species is very similar. Despite significant polyphyly in R. indicum, leaf morphologies cannot be distinguished between the two lineages of the species; they are both characteristic of rheophytes. Similar morphologies between the two lineages, compared to the large phenotypic variation observed within R. kaempferi, are likely to have resulted from natural selection due to major flood disturbance and evolutionary constraint acting on R. indicum (Cronk 1998; Mitsui and Setoguchi 2012) . For instance, Yakushima is an island that has a high rate of annual precipitation, up to 7500 mm per annum, due to the monsoon. The frequently flooding environment of the island is essential for sustaining rheophyte populations and many rheophytes, some of them endemic to Yakushima, are distributed here (Takahara and Matsumoto 2002; Kato 2003; Mitsui and Setoguchi 2012) . The results may suggest that the lineage of R. indicum evolved, and has since been maintained, in this region. Although a high level of genetic diversity (H E ) was observed within populations in the island, the effective population size on the island was lower than those for the other groups as estimated by demographic analysis. This may be a result of natural selection or an effect of the restricted habitat available for the species on the island (Lande, 1976) . The demographic analysis also suggests that the evolution of two groups in R. indicum has not been influenced by any admixture between the two species, despite the proximity of their geographical distributions to those of R. kaempferi. The isolation between the species may be explained through differences in flowering time, geographical isolation (e.g. R. kaempferi is not distributed in Yakushima), or the existence of an ecological barrier that prevents hybridization between species because the low fitness level of hybrid descendants imposes strong natural selection Mitsui et al. 2011 ).
These are known to be important processes in parallel evolution (Rundle and Schluter 2004; Roda et al. 2013; Renaut et al. 2014) . Although the possibility of parallel evolution in R. indicum should be noted, it should be treated with caution even though the data fit the model, because the evolutionary pattern may have been confounded by the small number of SNPs produced in this study. An insufficient degree of polymorphism in samples analyzed due to restricted genealogies causes incomplete lineage sorting; it is then difficult to distinguish among parallel evolution, ancestral polymorphisms, and migration after divergence, especially for closely related species (Nagl et al. 1998; Meyer et al. 2016) . Although the 477 SNPs used in the demographic analysis carried out in the present study are fewer than those employed in the next-generation sequencing techniques (thousands to tens of thousands of SNPs for RAD-seq), the polymorphisms identified are expected to be similarly, or more, informative in comparison with previous studies, which used dozens of microsatellites (Haasl and Payseur 2011; Andrews et al. 2016; Kolář et al. 2016 ). In addition, the type II error for scenario 3 showed a low probability. The number of SNPs is therefore considered to be sufficiently informative for the analysis. However, evidence for hybridization in the genome may be unclear when a hybridization event has been introgressive (Seehausen 2004; Minder et al. 2007 ). In addition, because the scenarios in this study did not model secondary contacts following divergence or admixture, we were not able to detect such events in the genome by using only a small number of SNPs (Liu et al. 2014) . For these reasons, it will be necessary to investigate the evolutionary process further by other methods. Even if we cannot reject the scenario that either of the R. indicum groups has evolved through introgressive hybridization, it is noteworthy that the two groups of R. indicum are heterogeneous despite their morphological similarity. If processes such as those referred to above have influenced either of the lineages, the similarity of the leaf morphology in the two lineages could have evolved and be maintained in response to strong selective pressure imposed by flooding (Mitsui et al. 2011; Roda et al. 2013; Sakaguchi et al. 2017) .
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